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Abstract
Assuring the integrity of spacecraft and its occupants are a priority in the field of space exploration.
Micrometeoroids and orbital debris are one of the primary threats that affect spacecraft materials
due to the high kinetic energies involved with hypervelocity impacts. Improvement of projectile
launching capabilities prompts the investigation of adequate materials for the manufacturing of
sabots able to carry high-density projectiles without catastrophic failure. Polycarbonate (PC) has
been the chosen material by the Hypervelocity Team at White Sands Test Facility for sabots on
the 0.50 caliber launcher; however, there is a material constraint when the projectile becomes
significantly dense and the inertial stresses surpass the yield strength of the sabot material. A new
polymer material known as cyclo olefin polymer (COP) was suggested for manufacturing sabots,
to successfully shoot the intended high-density projectiles. However, after testing COP specimens
it was realized that this polymer is not able to plastically deform and fractures at the elastic limit.
Ductility is a crucial property in a sabot material to be able to withstand high pressures and shear
stresses due to the setback forces of the projectile. Interest in analyzing several polymer blends
between COP, high-density polyethylene (HDPE), linear-low-density polyethylene (LLDPE), and
dyna-purge (DP) with different weight percentages arose intending to reach the desired mechanical
properties for a sabot material. Another important aspect of the investigation was to compare
fabrication processes for trying to implement additive manufacturing in sabots. Injection-molded
and 3D printed specimens were compared using the mentioned polymers and blends to study how
mechanical properties vary from one process to the other. Additive manufacturing has recently
attracted much interest due to its flexible process, design alterations, and faster products. In this
investigation, PC, two grades of COP, HDPE, LLDPE, and DP were analyzed using tensile and
impact testing to observe the differences in their mechanical properties by each process to discover
v

a sabot material for high-density projectiles. The experimental details along with the detailed
characterization of the materials are presented.
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1. Introduction
1.1 Hypervelocity Impacts
There is an increasing interest in sabot materials for launching high-density projectiles to examine
the behavior of spacecraft materials under hypervelocity impact caused by micrometeoroids and
orbital debris. Spacecrafts in orbit can be affected by hypervelocity impacts in many different
ways. Sub-micron and micron-sized particles can degrade sensitive spacecraft surfaces and
equipment, like mirror, optical sensors, and thermal control surfaces [1]. Also, large particles in
the size range of tens to hundreds of microns are highly important to look at, for they can penetrate
outer spacecraft coatings and foils as well as solar cells. Particles in the range size of millimeters
can penetrate exposed tanks and seriously damage certain equipment. The two-stage light-gaslauncher technique is a great choice for simulation of hypervelocity impacts as it is capable of
shooting projectiles with defined masses, shapes, and material consistency with velocities as great
as 11 km/s [2]. Figure 1 shows the basic geometry and operation of a two-stage light-gas gun. The
first stage of a two-stage light gas gun uses conventional gunpowder and works the same way as
firing a bullet from a gun. The second stage propellant uses a highly compressed light gas.
Hydrogen is the common gas use in the second stage due to its low molecular weight, which is
easy to compress to high pressures for launching projectiles at hypervelocity speeds [3].
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Figure 1. (A) In the first stage of the gas gun, hot-burning gases from gunpowder drive a piston, which in turn compresses
hydrogen gas. (B) In the second stage (pink shading), the high-pressure gas eventually ruptures a second-stage valve, accelerating
the impactor down the barrel toward its target. From [4].

1.2 Sabot
Originally, a sabot is a French word meaning ‘wooden shoe’. The word ‘sabot’ was chosen in the
hypervelocity testing environment as it describes some important material’s features in the word:
the ‘wooden shoe’ must be light and strong [5]. A sabot is a technical device used to support and
stabilize the projectile during its passage through the launch tube of the two-stage light-gas gun.
Understanding the dynamics of the projectile-sabot and its interaction with the high pressures due
to the compression of the light-gas and the barrel wall could lead to improved sabot designs and
reduce the likelihood of a model failure without degrading the overall performance of the launcher
[6]. The sabot must position and support the projectile during the launch, seal the gases from the
launch tube, reduce movement of the projectile, and, most importantly, should be able to separate
from the projectile without causing any disturbance during the flight or damage to the launcher
[5]. The sabot is one of the main components in a light-gas gun assembly even though it only
serves for a single shot. However, the sabot must be able to withstand the accelerations and forces
applied during its trajectory in the launch tube [5]. Therefore, one of the main properties to note in
the material selection of a sabot material is low weight and high dynamic strength which limits the
number of available materials [5]. There is no possibility of a metal sabot that can slide through
the launch tube without damaging the tube, so polymeric materials have been the best choice for
2

their properties and attractive prices. A typical two-piece sabot used for a 0.50 caliber barrel after
final milling is illustrated in Fig. 2.

Figure 2. Polycarbonate two-piece 0.50 caliber sabot made of two parts.

1.3 Additive Manufacturing
There is an extreme interest in trying to implement additive manufacturing (AM) as a supplement
for manufacturing sabots. Design procedures for sabots are highly challenging and depend on the
type of projectile. There are many parameters to take into consideration when manufacturing a
sabot such as sabot dimensions, geometric features, the density of the sabot material, and the
number of sabot pieces. This is such a complex design that by the implementation of AM the size
of a production run can increase, but the final cost of the whole component can decrease. Also, an
easier way of changing the dimensions for shooting different range of projectile’s shape and sizes.
Additive manufacturing techniques provide major competitive advantages since they adapt to the
geometrical complexity and customized design of the part to be manufactured [7]. Additive
manufacturing or also known as 3-Dimensional printing is of high interest due to products of
lighter weight, multi-materials, efficient short production runs, lower associated costs, a
combination of different manufacturing processes, and a more sustainable manufacturing process.
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Especially 3D printing of polymers has found a widespread of applications over the last few years.
3D printing also presents the opportunity to incorporate air space to reduce the overall flight
package mass or to orient the material layer by layer to take advantage of layered composite
strength benefits.

1.4 Experimental Approach and Objectives
Improvement of projectile launching capabilities prompts the investigation of adequate materials
for the manufacturing of sabots able to carry high-density projectiles without catastrophic failure.
Plastic sabots are currently used for their specific advantages over other materials. Some benefits
are reasonable strength for a wide range of projectiles, less cost due to a simpler manufacturing
process, and do not create as much wear on the launch tube. Some plastics that are currently being
used are polypropylenes, polycarbonates and polyamides. Polycarbonate has been the chosen
material by the Hypervelocity Team at White Sands Test Facility for sabots on the 0.50 caliber
launcher due to its capability of launching a wide range of projectiles with different sizes and
moderate densities. However, there is a material constraint when the projectile becomes
significantly dense and the inertial stresses surpass the yield strength of the sabot material. The
investigation focuses on finding the correct material to surpass polycarbonate properties and being
able to shoot high-density projectiles utilizing hypervelocity testing. Several injection molded
polymers were studied through the mechanical tests of tensile and impact to analyze their
properties and to compare them with PC.
This work presented in this thesis will expand upon comparing two different processes of
manufacturing specimens: 1) injection molding and 2) additive manufacturing for the comparative
study of mechanical properties to propose a new sabot material for high-density projectiles. Also,
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comparing injection molding and additive manufacturing will give us a better perspective to
observe a possible change in the process of manufacturing sabots. A series of techniques were
performed using monolithic and additive manufacturing samples of optical grade polycarbonate
(PC) and different blend percentages of the following polymer materials: cyclo olefin polymer
(COP) grades 790R and RS420, high-density polyethylene grade Dow 2492 (HDPE), linear-low
density polyethylene (LLDPE), and Dyna purge grade F2 (DP). We were interested in the
differences between injection molded and 3D printed tensile and impact specimens for this study
as it is extremely important to recognize the specific mechanical properties of each blend. This
study compares materials and processes by analyzing and understanding their respective
mechanical properties and suggests reasons for changes in sabots when shooting high-density
projectiles.
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2. Experimental Methods
2.1 Materials
The sabot, which carries the projectile, must acquire several functions. First, to adapt the launched
projectile’s size and shape. Second, the interaction between the bore wall and the sabot causes
heating and damages, so it should protect the projectile. Third, to maintain the launch package
mass at a minimum. During the selection of materials for sabots, a low-density, high-strength
material is preferred due to its ability to sustain higher launch forces without risking material
failure taking into consideration that a sabot material with low density will always keep the launch
package mass at a minimum. Additionally, a material with a low melting point would aid to
decrease barrel erosion, which would reduce the wear of the bore wall caused by friction and
heating.
Polycarbonate has been the primary material used for sabots since it provides several
benefits including reasonable strength adequate for a wide range of projectiles. PC material was
commercialized by TRIZODTM, purchased from Trident Engineering Plastics Inc and all the
specimens were provided by NASA White Sands Test Facility for the experiment. On the other
hand, another analyzed material is Cyclo olefin polymer (COP) which is a very attractive
thermoplastic resin and was carefully selected based on enhanced properties such as outstanding
transparency, good heat resistance, low moisture absorption, good chemical resistance, and very
high strengths. [8]. A comparison of the two materials properties is shown in Table 1, pointing out
COP’s higher and better properties than PC. COP is of major interest due to high tensile strength,
low density, and low melting temperature. Based on performance characteristics, COP is used in
a variety of applications; however, the high glass transition temperature is a requirement for some
applications to keep good dimensional stability under higher temperatures [8-10]. COP is a new
6

material specifically designed for optical applications, and this evaluation is designed to compare
for possible sabot material. Two grades of COP were utilized in the experiment for analysis: 790R
and RS420, both commercialized under the trade names Zeonex and Zeonor purchased in pellets
from Zeon [11].
Table 1. Comparison of mechanical properties between polycarbonate and COP [8,9].

Polycarbonate
Density
1.20 g/cm3
Tensile Strength
62 MPa
Tensile Modulus
2,379 MPa
Flexural Strength
93 MPa
Melting Temperature
147 °C

Cyclo Olefin Polymer
Density
1.01 g/cm3
Tensile Strength
71 MPa
Tensile Modulus
2,500 MPa
Flexural Strength
94 MPa
Melting Temperature
138 °C

By an incidental discovery, two COP tensile specimens got contaminated with Dyna Purge
via injection molding and resulted in perfect desirables mechanical properties. Dyna purge is a
non-abrasive, engineered thermoplastic purging compound designed to flow naturally through the
equipment acting as a cleanser/detergent [12]. DP F2 was purchased from Shuman Dyna-Purge in
pellets. The amazing results gave rise to different sets of steps aiming to find the exact mixing
percentage to re-create the specimens. First, the DP pellets were analyzed utilizing a technique
known as Attenuated Total Reflectance (ATR) to be able to detect what DP was made of. ATR is
mostly applied to samples where the composition of the surface needs to be known [13]. The ATR
technique works by introducing light onto a sample to acquire structural and compositional
information [14]. The ATR spectrum provides a graphical representation of the intensity of
infrared spectra and the amount of infrared light absorbed or transmitted by the material being
analyzed [15]. By the ATR spectrum we found out that Dyna purge consists of three different
pellets: HDPE, LLDPE, and soap molecules.
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HDPE and LLDPE are thermoplastic polymers with low densities and moderate
toughness. HDPE is defined by a density of 0.941 g/cm3 or greater, it has a low degree of branching
which leads to stronger intermolecular forces and tensile strength [16]. On the other hand, LLDPE
has a density range of 0.915-0.925 g/cm3, is a linear polymer, semi-rigid, and very tough [16]. To
re-create the COP 790R/DP mixture and to understand which specific material affected the most
in the results, different mixtures between COP, DP, HDPE, and LLDPE were analyzed. COP 790R
acted as the matrix material of all of the mixtures with a variety of weight percentages out of 300
grams of pellets. Table 2 shows the exact blends and percentages studied in the experiment via
injection molding and additive manufacturing.
Table 2. Experimental materials of polymers and polymer blends.
Material/Blend

PC

COP
790R

Wt. %

100%

100%

COP 790R/ DP
2.5%

5%

10%

COP 790R/HDPE

COP
790R/LLDPE

5%

5%

COP 790R/COP
RS 420
50%

65%

2.2 Pellets Processing Conditions
2.2.1 Drying
The majority of the plastic pellets used in the investigation went under a special process before
operating. Plastic pellets are the raw form of materials, they can be either disc-shaped or barrelshaped and small in sizes. Pellets do not dry instantaneously, so they must go under a drying
procedure before using them, specially COP. Oxygen dissolved in COP pellets can cause
discoloration, carbide formation, and bubbles [17]. The pellets were first heated to allow the water
molecules to move freely. Then, there was sufficient time for water molecules to diffuse to the
surface of the pellets and evaporate [18]. Preheating or drying plastic pellets reduces the amount
of air inside the pellets resulting in better material properties. Some polymers have a strong
attraction for water, so heat causes the molecules to move and weakens the forces that bind the
8

water molecules to the polymer chains [18]. The drying process of plastic pellets was carried out
in a compressed air dyer (Dri-Air CFAM Micro-Dryer, East Windsor, CT, USA) and the process
was repeated twice, one for every manufacturing process. Table 3 represents the specific drying
time and temperature of each polymer used according to the “Processing Guidelines for ZEONEX
and ZEONOR” and LNS Technologies Injection Molding Manual [17, 19].
Table 3. Plastic pellets pre-heating conditions.

Temperature
Time

COP 790R
130 C°
12 hours

COP RS420
105 C°
12 hours

Dyna Purge
Not Necessary
-

HDPE
Not Necessary
-

LLDPE
Not Necessary
-

2.2.2 Extrusion
Extrusion is a technique where the molten polymer is forced through a die and is used to produce
components of a fixed cross-sectional area as a continuous process [20]. Figure 3 shows a Dr.
Collin model ZK 25-T twin-screw extruder which was used in the investigation to produce
filaments for additive manufacturing. Also, this process helped to have better mixing in the
production of the polymer blends. First, the pellets were placed in the extruder’s hopper. The
extruder uses some spiral screws that rotate within a heated barrel to melt the pellets [20]. As the
screws turn and move the pellets through the barrel, the flights of the screw shear the pellets against
the inside of the barrel creating some friction [21]. When the pellets have become completely
melted, they go through a die giving the filament its shape. Once the filament is coming out of the
die, it goes through a rapid cooling process. Most extruders use either air cooling or water cooling,
which depends on the material being extruded, to remove the excess heat created by shear [21]. In
this case, the air was applied for the cooling process due to COP properties. After the pellets were
dried and weighted to their specific weight percentage, extrusion was performed to produce a
filament of the polymers and polymer blends with a diameter of 2.85±3 mm each. The filaments
were used for 3D printing and some injection molding specimens as well. Once the filament was
9

produced, a shorter drying procedure was performed for removing the air bubbles or oxygen of the
blends, Table 4 shows the drying conditions.
Table 4. Filament drying parameters.

Drying Conditions
Temperature
Time
2 hours
130 °C

Figure 3. Collin model ZK 25-T twin-screw extruder in Polymer Extrusion Lab at The University of Texas at El Paso.

2.2.3 Pelletizer
Pelletizer is a machine used for the size reduction of many thermoplastic materials, besides raw
polymers and mixed compounds [22]. The Collin Strand Pelletizer Type CSG 171/1 was used to
convert filaments of the polymer blends into pellets to use them in the injection molding process.
Only the polymer blends had to be re-pelletized because we wanted the most distributed weight
percentage of each polymer for comparison.

2.3 Injection Molding Process
Injection molding is a process that uses a plastic material, like pellets, and metal mold. The pellets
are melted in the injection molding hopper and then injected into the mold, where it cools and
solidifies into the final part [23]. Figure 4 shows the bench-top LNS Technologies, Model 150A
PIM-SHOOTER injection molding machine utilized for producing monolithic tensile and
impact samples. Dried plastic pellets were used for COP 790R production of tensile and impact
10

test specimens. On the other hand, for the polymer blends (COP 790R/DP, COP 790R/HDPE,
COP 790R/LLDPE, and COP 790R/COP RS420) the pelletized filaments were used for injection
molding specimens. Polycarbonate monolithic tensile and impact specimens were machined at
NASA White Sands Test Facility.

Figure 4. Injection molding Model LNS Technologies 150A. From [19].

Aluminum molds are preferred when injection molding since they offer good heat transfer
and thus cools the part quickly. We used aluminum molds for tensile IV shaped and IZOD impact
shaped, machined at White Sands Test Facility for the investigation in injection molding. The
aluminum molds were pre-heated to a specific temperature for around 15 to 20 minutes before use.
It is not convenient to use a cold mold for it will solidify the melted plastic before time. The pellets
were then poured into the injection-molding machine and the hopper was heated to the specific
ZEONEX Processing Guidelines temperatures. Table 5 shows the injection molding temperature
parameters of each polymer from ZEONEX Processing Guidelines temperatures [17]. Once
heated, the molten plastic was injected into the clamped molds to fabricate the monolithic tensile
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and impact samples. Four specimens of each tensile and impact test were produced for each
polymer and polymer blends.
Table 5. Injection molding temperature parameters of specific polymers. From [17].

COP 790R
COP RS420
HDPE
LLDPE

Barrel Temperatures
240-310 °C
230-300 °C
210-230 °C
180-210 °C

Mold Temperatures
100-150 °C
70-120 °C
27-43 °C
27-43 °C

2.4 3D Printing Process
One of our major interests is to examine how the specific polymers and blends react to the additive
manufacturing process. We want to compare a monolithic specimen via injection molding to a 3D
printed specimen to see how much the properties decrease to be able to accommodate them to the
desired properties. Four tensile samples of each polymer and blends were produced, a total of
thirty-six tensile specimens were 3D printed using an Ultimaker S5. At the beginning of the
experiment, a Lulzbot printer was used. Unfortunately, we discovered that the matrix of each
blend, which is COP 790R melts at very high temperatures. The nozzle temperature was not a
problem, what was a problem was the build plate temperature. The build plate was not hot enough
for the material to stick, causing it to warp or to come off from the plate even with a layer of
Elmer’s purple glue stick. Warping is a very common problem in the 3D printing industry and
occurs when a polymer is cooling unevenly after printing. On the other hand, the Ultimaker S5 3D
printer was encapsulated to maintain the heat inside the build plate. Also, it was able to get to a
higher nozzle and build plate temperatures. The CURA software was used as the modeling
program for the tensile specimens following the ASTM D638 Standard Test Method for Tensile
Plastics. The printed specimens were 100% infill density and (90, 90) infill line direction. Table 6
represents the specific temperatures and parameters used for 3D printed tensile specimens.
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Table 6. Additive manufacturing printing parameters.

Nozzle
COP 790R
PC
COP 790R/ DP
COP 790R/
HDPE
COP
790R/LLDPE

Adhesive

285 °C
270°C
285°C
130°C

Build
Plate
130°C
130°C
130°C
285°C

Raft
Brim
Brim
Brim

Air
Gap
0.3
-0.06max
0.06max

Printing
Speed
70-75%
70-75%
70-75%
70-75%

130°C

285°C

Brim

0.06max

70-75%

2.5 Heat Treatment
Annealing is the process where a material undergoes a heat treatment to a certain temperature, is
kept there for a definite time, and is then cooled to room temperature to alter the material properties
[24]. A heat treatment process such as annealing is required once a sabot is machined because the
treatment releases internal stresses accumulated during the machining process and produces a
tougher sabot. Additional crystals are formed during the cool-down process, which creates higher
stiffness and less damping [25]. An annealing treatment was applied to all tensile and impact
specimens produced via additive manufacturing and injection molding of PC, COP 790R, and to
the blends. The polymers were heated to below its glass transition temperature to relieve the
internal stresses introduced during the fabrication. The annealing procedure for polycarbonate was
performed at White Sands Test Facility using the temperature ranges of 25°C to 130°C for a
moderate time frame. The COP 790R and COP blends specimens were annealed at Polymer
Extrusion Lab located at The University of Texas at El Paso using a temperature of 133°C for a
prolonged time.

2.6 Mechanical Test
Tensile Test: The tensile test was the main mechanical analysis for the experiment due to a high
interest in tensile strength properties. The tensile test measures the ability of a material to resist
13

breaking under tensile stress. This test is one of the most important and widely used materials
science to measure the properties of materials used in different applications [26]. An MTS
Criterion System Model 44 test system was used in the experiment utilizing type IV as specified
by ASTM D638, Standard Test Method for Tensile Properties of Plastics with a test rate of 5
mm/min [27]. The dimensions of type IV are shown in the Appendix section. The tensile test was
performed after the annealing process of all specimens. A total of 72 tensile specimens were
analyzed: four samples of each group of polymers and blends, plus two different fabrication
processes. The specimen’s results were examined and compared with the intentions of exceeding
PC properties.
Impact Test: Izod impact testing is a technique used to determine the fracture characteristics
in materials. Injection-molded impact specimens of COP 790R and COP blends were analyzed
with a size of 65.5 mm x 12.9 mm x 12.7 mm lengths and notched to a depth of 10.3 mm as
specified by ASTM D256, Standard Test Method for Determining the Izod Pendulum Impact
Resistance of Plastics [28]. Izod impact tests were carried out on a Tinius Olsen Model 104 impact
tester. All test-pieces were tested with a potential energy of 7.44 J and a pendulum height of 658
mm. Four injection molded samples were analyzed from each material and blends, a total of 36
specimens. PC samples were machined at NASA White Sands Test Facility.
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3. Experimental results
3.1 Tensile Test Results
Conventional stress-strain curves are shown in Figure 5A-B for optical grade PC and COP 790R
after annealing. Four samples were analyzed for each material and the results were averaged on a
stress-strain curve. The machined PC results indicate the desired sabot material properties as
illustrated in Fig.5A. It represents high tensile strength with an average of 67±2 MPa and good
ductility, which was measured by the elongation and reduction of the area on the gauge length of
the specimen. Ductility is an important property for it is the ability of a material to plastically
deform under load without fracture yet still fulfill a load-carrying function [29]. A sabot material
needs to withstand the propellant gas pressure hitting it from the back, as well as, the high shear
stress produced from the setback force experienced by the projectile. Low density, strong, and
ductile properties are required in a sabot material. When a plastic material is subjected to mainly
shear forces, the tensile strength is not decisive for the allowable load in the material, but the shear
strength is. According to Von Mises, equation (1) can be used to convert the ultimate tensile
strength to shear strength [30].
(1)

𝑈𝑈𝑈𝑈𝑈𝑈
√3

= 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

On the other hand, the suggested and new polymer COP 790R represents y brittle material as
shown in Figure 5B. The injection-molded COP tensile specimens represent a high strength
material in the stress-strain curve with an average of 77±2 MPa of tensile strength. Unfortunately,
even though specimens fabricated from COP exhibited higher strength (UTS) than PC, the ductility
values were not high enough to make it a viable alternative.
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Figure 5. Stress-strain curves of monolithic specimens tested after annealing. (A) Polycarbonate optical grade. (B) COP 790R.

By the negative outcome of COP’s stress-strain curve results, we started analyzing the
incidental specimen between DP and COP. The incident results are shown in the stress-strain curve
in Figure 6A. The graph demonstrates even higher tensile strength than COP, but this time DP was
able to elongate the specimen causing some type of necking and thus, increasing ductility. Even
though the contaminated specimen did not exceed the PC strain percentage elongation, it resulted
in higher strengths and moderate ductility. As shown in the ATR spectrum in section 2, DP is made
out of HDPE, LLDPE and some molecules of soap, this led us to wonder which material affected
the most in the COP/DP contaminated specimen. The COP/DP specimen was an error, some
polymer machines like extruder and injection molding need to have a cleaning process with DP
before using other materials for cross-contamination. Some DP was still inside the injection
molding hopper when COP 790R pellets were poured into, producing a tensile specimen of COP
and a slight visible amount of DP located in the middle of the gage length. Without knowing the
exact amount of DP inside the COP tensile specimen, several variations of different weight
percentages were tested between the materials that make up DP and COP acting as the matrix.
Figure 6B demonstrates a comparison of tensile results between COP/LLDPE-5%, COP/HDPE5%, COP/DP-5%, and two grades of COP as 50%. As observed, the blend of COP/HDPE was the
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one with higher tensile strength, but none of the blends were able to obtain any ductility.
Unfortunately, the COP properties are still very dominant throughout the blends responding as
strong but not ductile materials, having a very narrow or no plastic region at all fracturing at the
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Figure 6. Conventional stress-strain curves of injection molded specimens for comparison of mechanical properties. (A)
Contaminated specimen of COP 790R and DP. (B) Polymer blends: COP 790R/ COP RS420 for 50 wt%, COP/DP 5%,
COP/HDPE 5%, and COP/LLDPE 5%.

Another important aspect of the investigation was to compare monolithic and additive
manufacturing specimens for a new and easier sabot fabrication process. Fabricating a machined
sabot takes time and a lot of work. Implementing additive manufacturing in the sabot production
can be easier, faster, and could have more flexible shapes or sizes. Stress-strain curves of the same
group of polymers are shown in Figures 7-10, using injection molded and 3D printed specimens
to compare the mechanical properties. As known, additive manufacturing is a very complex
process that includes several variables. For example, the line direction pattern, the infill density
percent, printing speed, temperatures, etc. One of the main considerations to keep in mind when
designing a part for additive manufacturing of polymers is the print orientation of a part, which is
critical to the tensile strength [7].
Printed specimens demonstrated lower stresses than injection molded parts and ruptured at
far lower strains. 3D printing can sometimes exhibit similar strength to the injection molded parts
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but exhibit much lower strain at break. Lower strain can most likely be attributed to the internal
structure of the parts. Compared to the additive manufacturing process, injection molding typically
has lower porosity and greater homogeneity, leaving fewer imperfections in the structure of the
material to encourage crack propagation. Table 7 displays the average results of tensile strength
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and shear strength between injection molding and additive manufacturing of each material.
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Figure 7. Results of injection molding vs. additive manufacturing tensile test specimens. (A) PC optical grade (B) COP 790R.
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Figure 8. Three different weight percentages of DP in COP were tested by injection molding and additive manufacturing. (A)
COP 790R/DP injection molded results. (B) COP 790R/DP additive manufacturing results.
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Table 7. Tensile test results for comparison of two processes: injection molding and additive manufacturing. Tensile strength and
shear strength results were averaged for each polymer and blend.

Materials
PC OG
COP 790R
COP 790R/DP
2.5%
COP 790R/DP
5%
COP 790R/DP
10%
COP790R/HDPE
5%
COP790R/LDPE
5%
COP 790R/COP
RS420 50%
COP 790R/COP
RS420 65%

Injection Molding
Tensile
Shear Strength
Strength (MPa)
(MPa)
66.6
38.5
76.7
44.3

Additive Manufacturing
Tensile Strength Shear Strength
(MPa)
(MPa)
59.8
34.5
54.7
31.6

67.0

38.7

48.5

28.0

66.9

38.6

55.6

32.1

63.4

36.6

48.1

27.8

71.8

41.5

52.2

30.1

69.3

40.0

50.7

29.3

56.7

32.7

52.1

30.1

45.4

26.2

42.2

24.4

3.2 Impact Test Results
The Izod impact test is done by a pivoting arm that is raised to a specific height with constant
potential energy and then released hitting the specimen in the notch. Izod impact measurements
show that polycarbonate has higher impact resistance and strength compared to COP. Impact
strength is influenced by the design and size of the component, the design of the mold, processing
conditions, and the temperature of use [14]. The method of fabrication can also vary the results.
The polycarbonate samples were optical grade machined and manufactured by TRIZOD. The COP
samples were made out of pellets using injection molding. On the other hand, the blended
specimens were made out of the pelletized filament made out of the extruder also using injection
molding. The injection-molded specimens were tested in their strongest direction, with the crack
propagating at the right angle to the orientation direction, which led to high values. Impact
resistance is highly important for a sabot material to withstand different forces acting upon. Again,
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having PC as our main material to compare the blends with, it is perceived that PC has very high
impact resistance and thus high impact strength. COP samples were observed to be more rigid than
polycarbonate, which decreased their impact strength. The blends between COP and DP were the
least strong mixture of all. Also, it was observed that the more DP added to a COP specimen the
more the impact resistance decreased. Another interesting blend was COP and HDPE for it
resulted in high impact resistance, but not exceeding PC’s properties. On the other hand, the
combination of COP and LLDPE resulted in very low impact strengths, decreasing the strength of
COP. The strongest and higher impact resistance and strength was the combination of the two
grades of COP with a weight percentage of 35% of COP 790R and 65% of COP RS420. These
two COP grades have completely different properties and this mixture was to get high tensile
strength of COP 790R and ductility from RS420. The COP/COP specimens were the only ones
with a hinge break type, which means that the specimen did not break completely during the impact
test. Even though this blend resulted in almost twice the impact resistance than PC, it cannot be
suggested as sabot material due to lack of ductility. Table 8 displays the average results of the Izod
impact test of each polymer and blends investigated.
Table 8. Izod impact test results for all polymer and blends via injection molding.

Material
PC OG
COP 790R
COP 790R/DP
2.5%
COP 790R/DP
5%
COP 790R/DP
10%
COP790R/HDPE
5%
COP790R/LDPE
5%

Impact
Resistance
(J/m)
90.5
69.6
27

Impact
Strength
(J/m2)
8790
6695
2655

26.6

2510

20.2

1900

71

5117

42.9

3,713
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COP 790R/COP
RS420 50%
COP 790R/COP
RS420 65%

68.1

6,393

137

12,925

3.3 Scanning Electron Microscope
The injection molded tensile samples of 100% COP and the discovery specimen of COP/DP were
analyzed with a scanning electron microscope (SEM) for comparison of the fracture surface. The
fracture tensile samples were sectioned through the gage length to examine the differences in
fracture and to understand why the combination of COP and DP was able to increase ductility.
Samples were mounted on aluminum stubs using double-sided carbon tape and were imaged using
a HITACHI SU-3500 SEM with an ultra-variable detector (UVD) detector and operating with an
accelerating potential of 15 kV. Figure 11 shows the COP fracture surface which indicates
complete brittle fracture displaying a strain field. A classic glassy fracture surface feature can be
observed during the crack extension from the origin by the smooth fracture region, mist region,
and hackle lines. The crack initiation is surrounded by a smooth flat circular region. The smooth
flat region is indicative of a stable planar form of crack growth. Beyond the mist region and the
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fracture origin, the hackle lines appear. The ridges of the hackle lines are extended back through
the mist and smooth region which focuses the fracture origin.

Hackle lines
Mist region
Smooth
fracture

Figure 11. The fracture surface of COP 790R tensile specimen via injection molding.

On the other hand, Figures 12-15 demonstrate the fracture surface of the COP/DP
discovery tensile specimen. The specimen was analyzed through the top edge, middle and bottom
edge to be able to detect the differences between COP and DP. The top and bottom edges are
shown in Figures 12A and 12B, respectively. As observed, both edges seem flat and smooth as a
brittle fracture, especially the top edge which also indicates hackle marks. The bottom edge, Figure
12B, indicates flat regions, however hackle lines are not as present as the top edge, but it also
resembles a brittle fracture. The middle section of the fracture surface of the specimen is shown in
Figures 13A-B, which displays a difference in surface fracture from the top and bottom edges. The
middle section of the specimen indicates plastic deformation, therefore some ductile features. The
fracture of this specimen started as a brittle rupture, but the middle section of the specimen does
not demonstrate a typical brittle surface. Most likely brittle fractures appear to have flat and smooth
regions, but the middle section reacted differently. The SEM images correlated the tensile test
results indicating a ductile fracture by the contamination of DP and COP. In the DP/COP specimen
we were able to see some necking at the gage length also indicating some ductile fracture as well
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as the microscopic evidence. When a thermoplastic polymer fails in tension it involves the
formation of a craze through which a crack can propagate [31]. Crazes mostly appear in glassy
polymers and they are intermediate stages between yielding and fracture [31]. Figure 14
demonstrates the crazes formation from low and high magnification. At the high magnification,
we can observe what is known as fibrils. Fibrils are tiny cracks bridged by highly oriented material
in a direction perpendicular to the direction of the crack. Crazes usually occur in the surface and
the interior of a polymer and are related to the presence of defects and stress state [31]. Since
crazes consist of fibrils bridging an incipient crack, it contains a large fraction of voids.

Figure 12. (A) Top and (B) Bottom edges of a COP 790R and DP tensile specimen via injection molding observed by scanning
electron microscopes (SEM). Scale of 233 um (right) and 238 um (left).

Figure 13. Injection-molded specimen of COP and DP observed by SEM. (A) the middle section (B) higher magnification of the
middle section. Scale of 106 um (right) and 26 um (left).

24

Figure 14. Crazes evidence in the COP/DP discovery specimen by SEM. (Right) The craze appears as a crack whose walls are
joined by oriented fibrils of polymers.
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4. Conclusions and Future Work
4.1 Conclusion
Sabot materials for launching high-density projectiles has been of major interest to examine the
behavior of spacecraft materials under hypervelocity impacts caused by orbital debris. Therefore,
one of the main properties looking for in a sabot material is low weight and high dynamic strength.
A study of PC, COP 790R, and different blend combinations with other low-density-high-strength
materials were examined by using two different processes; injection molding and additive
manufacturing. Based on the experimental data available, the mechanical properties of COP do
not appear to exceed those of polycarbonate. COP 790R exhibited properties of a glassy material;
a very strong polymer with high tensile strength, but no ability to plastically deform nor withstand
high impact collisions. The discovery between COP and DP is still a mystery, mass percentages
between 2.5, 5, and 10% were examined resulting in lower strengths every time more DP was
added to COP specimens and no plastic deformation or ductility was observed. COP material was
highly dominant in all of the blends including the ones with a high weight percentage. This new
polymer was very attractive as a suggestion for new sabot material for similar PC properties,
according to literature. Unfortunately, COP or any of the blends seem to have the ductility required
to withstand shear stresses as a sabot material.
After reviewing the data generated by the processes of injection molding and additive
manufacturing of the blends there are a few considerations to keep in mind for the implementation
of 3D printing in the manufacturing of sabots. First, the print orientation of a part is critical to
tensile strength. Second, injection molded specimens have much higher tensile strength and lower
shear strength. Third, some 3D printed parts can exhibit similar tensile strength to injection molded
parts, but a fracture at much lower strains. This means that selecting a process to produce a part is
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very dependent on the application. In conclusion, PC will remain as the sabot material for moderate
density projectiles and more investigation will be taken into consideration when attempting a new
plastic sabot material for high-density projectiles.

4.2 Future Work
There are several important directions for future work in this area. First, completion of impact
testing of the blend materials is necessary to evaluate the results and compare them to the injection
molding process. Secondly, due to a high interest in the discovery specimen between COP and DP
more characterization should be investigated. A technique known as microtome is a suggested tool
for further analysis of the specimen. A microtome is a tool used to cut extremely thin slices of
material that can be used in the scanning electron microscope to be able to detect the different
phases of COP and DP with clarity.
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